Introduction
Atherosclerosis is the major cause of death in developed countries and greatly responsible for the pathogenesis of strokes, myocardial infarctions, gangrene and loss of limb function 1 . A drastic revolution in the treatment of atherosclerotic disease has occurred, first with the development of catheters for transluminal dilatation, then with balloon dilatation angioplasty, and recently with the introduction of intraluminal stents and endovascular prostheses 2 . Studies about interventions to treat atherosclerotic lesions, such as balloon or laser angioplasty, atherectomy, endoprostheses and bypasses, show that patency is reduced in the middle and long term due to recurrence of lesions, a phenomenon called restenosis 3 . Stent placement is the only intervention that significantly reduces the occurrence of restenosis.
The purposes of this study were to measure arterial wall intimal thickening secondary to stent placement and to investigate whether arterial dissection and delivery system insertion caused any degree of hyperplasia.
Methods
Fourteen healthy mixed-breed (Landrace x Large White) pigs with a mean weight of 30 kg were used in the experiment. This study was approved by the Ethics Committees of the Research and Graduate Studies Group (GPPG) of Hospital de Clinicas de Porto Alegre, Universidade Federal do Rio Grande do Sul (UFRGS), and reviewed by the Board of Directors of the Veterinary Hospital (UFRGS). Another group of 7 pigs was used in a previous pilot study to test the experimental methodology.
The stents used were 3-cm-long 316L-steel Z stents with a final diameter of 3.8 mm, manufactured by the Laboratory of Mechanics (Laboratório de Transformação Mecânica) of the School of Engineering, UFRGS.
Surgical procedures were conducted with the animals under general anesthesia delivered by inhalation using a non-rebreathing open system. The animals were fasted for 6 hours, weighed and administered 10 mg IM midazolam and 1 g IV cephalothin before the surgical procedure. Anesthesia was induced with 2.5% IV thiopental sodium, and the animals were ventilated with oxygen masks and room air. Anesthesia was maintained with halothane, and the animals were administered a glucose-saline solution to replace fluid losses.
The study was divided into two phases, and the animals were randomly divided into two groups of seven animals: STENT group and NO STENT group.
Phase 1 -Right anterolateral cervicotomy to approach the right common artery (RCA), transoperative collection of venous blood for blood (hematocrit, hemoglobin and leukocytes) and serum (total cholesterol, fractions and triglycerides) tests, systemic heparinization (100 UI/kg), and chemical dilatation of artery by external application of papaverine hydrochloride to the vessel; -Interruption of carotid blood flow with bulldog clamps. -Cranial insertion of delivery system containing the stent and, in the STENT group, deployment of stent with the proximal arm placed at about 2 cm from the puncture site; in the NO STENT group, simple insertion of the delivery system to about 5 cm with no stent deployment. -Removal of the delivery system. -Selective arteriography after direct puncture of the artery and direct injection of 1 ml/kg iothalamate meglumine using a portable X-ray unit and developed on X-ray film. -Tissue planes closed with 2-0 monofilament nylon suture. -Animals were housed in stalls with running water and were fed their usual diet adjusted to age. Phase 2 -After 4 weeks, the preoperative procedures, anesthesia, surgical approach and venous blood collection were repeated; the animals were administered heparin (100 Ul/kg) for systemic anticoagulation and 20 mg papaverine hydrochloride for vessel dilatation. -Arteriography was performed following the same procedures as in the first phase. -After the patency of vessels was confirmed by arteriography, the right (RCC) and left (LCC) common carotid arteries were removed and their ends were ligated. -Surgical specimens were irrigated with 0.9% saline solution, fixed in 10% formalin, and kept under 100-mmHg pressure for 15 minutes. -The animals were sacrificed; the guidelines for the use of animals established by Brazilian Law 6638 issued on May 8, 1979 , were followed all through the experiment. Skin suture was removed 10 days after the initial procedure. For microscopic analysis, 0.3-cm-long transverse sections of arterial segments were obtained from the distal margin of the RCC artery, and the metal struts were carefully removed (STENT group); from a point 4 cm beyond the arteriography site (NO STENT group); and from a point in the middle segment, 4 cm from the bifurcation (control group). The specimens in these three groups were embedded in paraffin; 4-µm thick sections were mounted on histologic slides and stained using the Verhoeff and hematoxylin-eosin (HE) techniques.
The images of histologic sections were captured and digitalized using a conventional light microscope with a phototube, a color video camera, and an analog-digital conversion board (Image ProPlus Capture Kit, Media Cybernetics, USA), which generated 640x480 pixel, 24-bit image files that were stored in a computer at a 20x magnification for morphometric analysis. The Image ProPlus 4.1 (Media Cybernetics, USA) and Image (Scion Corporation, USA) software packages were used for morphometry and image analysis. Planimetry for the calculation of areas of lumen, intimal layer, and medial arterial layer was conducted automatically without the interference of the observer.
For each specimen, the luminal area was obtained by direct measurement of the area outlined by the endothelium; the intimal area was calculated by subtracting the luminal area from the area outlined by the internal elastic lamina (IEL); finally, the area of the medial layer was the result of the subtraction of the luminal and intimal areas from the area outlined by the external elastic lamina (EEL) [4] [5] [6] [7] [8] . The morphometric value for each arterial layer was calculated as the mean value of eight circumferential measurements 9 . Exclusion criteria were death of the animal before tissue collection, trans-and postoperative surgical complications, and technical failures in the preparation and processing of specimens.
The SPSS for Windows 8.0 (MICROSOFT ®, USA) software was used for data analysis. Parametric variables were described as means and standard deviations, and nonparametric variables, as medians and interquartile ranges (25-75 percentiles). Continuous variables were evaluated according to their distribution, and the most adequate statistical test was then chosen. The variable "weight" was compared between groups using the Student t test for independent samples and between the two phases of the study using the Student t test for paired samples. The variable "sex" was analyzed using the Fisher exact test. The analysis of blood and serum variables was conducted with the Student t test for paired samples. As the morphometric analysis included nonnormally distributed continuous variables, the nonparametric Mann-Whitney test for independent samples was used for the comparisons between the STENT and the NO STENT groups, and the nonparametric Wilcoxon t test for paired samples for the comparisons between the RCC and LCC of each animal. The level of significance was set at 5% (p<0.05).
Results
No animal was excluded from the study. The evaluation of arteriograms at the two study phases showed that all arteries that underwent stent placement and all that underwent only delivery system insertion were patent.
The analysis of weight and sex in the first study phase did not reveal any statistically significant differences between the 14 animals. Weight increases between the two phases of the study were statistically significant.
Lipid profiles
The analysis of lipid profiles and blood tests of samples collected during the two interventions did not reveal any statistically significant differences.
Morphometric analysis of arterial wall The morphometric analysis of the arterial wall was conducted by comparing the STENT and NO STENT groups and, within each group, the RCC artery, which underwent one of the procedures, and the LCC artery, which was not injured.
In general, the analysis of the relations between the areas of the intimal and medial layers, as well as between luminal area and animal weight showed the same trend of variation as the area measurements. 
Comparison between STENT and NO STENT groups
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Discussion
Of the several models to evaluate intimal hyperplasia, only a few have demonstrated a correlation in clinical trials 5, 10 . Ideally, specimens should be the same size and have the same histologic and biochemical structure as those obtained form human arteries. Numerous authors have used pigs in their studies because small animals are not believed to be good models, as their response to injury significantly differs from human responses.
Carotid arteries have been used in several morphometric studies 5, 12, 15, 16 . In this study, the common carotid artery was chosen because of its high blood flow and easy access through dissection.
The induction of intimal hyperplasia by means of injury to a nonsclerotic vessel may be controversial, but is supported by authors such as Muller et al. 17 , who see it as an alternative to obtain a controlled chronic arterial lesion. Other authors also used normal arteries for the morphometric analysis of arteries that underwent stent placement 18, 19 . Response to vascular injury has been controlled in several ways 5, 7, 8, 20, 21 . In this study, the contralateral carotid arteries were not injured with the delivery system because such procedure might have led to changes in carotid blood flow. Another group of animals was used as control: their carotid arteries underwent dissection and insertion of the delivery system but no stent placement.
Self-expandable stents were used because the purpose of this study was to evaluate the isolated chronic reaction to the stent as a foreign body on the arterial wall, and not the reaction to angioplasty injury, which has already been extensively studied. Therefore, this study evaluated only the role of the stent in the induction of hyperplasia. In the control group, injuries were also produced without vessel angioplasty to evaluate whether injuries alone had any role in intimal thickening. Previous angioplasty or balloon-expanded stents were not used because these procedures may lead to marked intimal hyperplasia. They induce a more extensive lesion of the tunica media, and if used in this study, they would be likely to affect results.
Pigs raised in pastures develop atherosclerotic lesions in four to eight years. In contrast, pigs fed diets rich in cholesterol show rapid changes in lipid profiles, similarly to what happens to human beings 17 . In this study, a diet without lipid supplementation was used to avoid the risk of hypercholesterolemia. The comparison of lipid profiles in the two phases of the study did not reveal any statistically significant differences, which indicates that there was no interference in the natural progression of intimal proliferation.
Blood viscosity directly affects blood flow and, consequently, intimal hyperplasia 5 . The role of changes in platelet and leukocyte counts in the genesis of intimal hyperplasia is well known. 22 In this study, leukocyte, platelet and erythrocyte counts were monitored, but significant changes, which might have affected intimal hyperplasia, were not found.
Steele et al. 15 evaluated response to injury in carotid arteries of pigs that underwent angioplasty. They found that, during the first week, there was a progressive decrease in platelet deposition, initial regrowth of endothelium, progressive migration and proliferation of smooth muscle cells, and neointimal formation. Intimal hyperplasia was significantly greater and more uniform at 14 days, and tended to stabilize after 30 or 60 days. Several studies used four weeks as the cut-off point for the analysis of changes in arterial walls 8, 11, [18] [19] [20] 23 . Based on those studies, the interval between the first and second phases of this study was four weeks, which should be enough for the confirmation of intimal thickening secondary to stent placement.
Morphometry was performed using the arterial segment immediately distal to the stent because it was in a segment of the carotid artery that was not injured by dissection or delivery system insertion. Intimal hyperplasia secondary to stent placement occurs primarily around each of the stent arms, and can be, therefore, measured in the region adjacent to the stent edge 24 . The comparison of the STENT and NO STENT groups to each other revealed a statistically significant difference in measurements of the area of the intimal layer and its relation to the medial layer (intimal index), as well as the relation between intimal area and animal weight. No significant differences were found in the comparisons of luminal or medial layer areas, nor in the relation of these areas to animal weight.
The comparison of morphometric data for each group with findings for the matching contralateral normal carotid arteries showed statistically significant changes in the intimal layer (intimal area and intimal index) in the two groups. Similarly, significant changes were found in luminal areas of each group when compared with their normal controls.
Changes in medial layer areas were not significant when compared between groups or with the contralateral normal controls.
The fact that significant intimal hyperplasia was found in the NO STENT group demonstrates that the simple insertion of the delivery system in the arterial lumen and the circumferential vessel dissection are sufficient to cause some degree of intimal injury and consequent hyperplasia, which was, however, less intense than the one found in the STENT group.
Edelman and Rogers 24 also found that stent placement without previous dilatation reduces endothelial damage and intimal hyperplasia. Similarly, Schürmann et al. 9 found that self-expandable Z stents produce less arterial injury, which results in a lower degree of intimal hyperplasia. Laird et al. 11 studied pigs with stents placed in normal arteries without previous dilatation, as the pigs in the STENT group in our study. They assigned the low degree of intimal hyperplasia to the fact that the internal elastic membrane was uninjured.
Absolute luminal area was greater in the STENT than in the NO STENT group, but the difference was not statistically significant. The use of stents seems to eliminate elastic recoil and thus reduce the effect of arterial remodeling on the decrease of luminal area and stenosis.
The luminal area of the RCC arteries (dissected) was significantly smaller than that of the LCC arteries (not dissected). The injury caused by the delivery system insertion was probably responsible for such reduction of the luminal area due to arterial remodeling. Post et al.
14 also found that the adventitious layer had some effect on arterial remodeling.
In summary, significant intimal hyperplasia occurred after stent placement even when previous or concurrent artery dilatation was not used. These findings are important in the study of endovascular procedures in which a sum of factors contributes to response to lesion. More sophisticate techniques should be investigated, and the indication of stent placement should always be carefully decided.
Materials to manufacture stents, less injurious shapes and techniques, and pharmacologic or genetic therapies as adjuvant treatments seem to be areas of study that should be further investigated to improve the clinical results of endovascular surgery.
Conclusion
The placement of endoluminal prostheses, or stents, in normal common carotid arteries of pigs produced, after four weeks, a chronic inflammatory reaction of the arterial wall adjacent to the stent, with greater intimal thickening than that observed in vessels injured only by delivery system insertion but not stent placement.
